The effect of the Mullins softening on mode I fracture of carbon-black filled rubbers was investigated experimentally. Large specimen of NR and SBR filled with the same amount and nature of carbon-black were submitted to uniaxial tension. Then, single edge notch tension samples were cut along various directions with respect to the direction of preconditioning, and submitted to tension until break. The fracture energy was estimated and compared according to the intensity of Mullins softening already undergone in the direction of crack opening and according to the softening undergone in other directions. The NR shows significantly improved resistance to crack propagation compared to the SBR due to its crystallization ability. For both materials, it was observed that a moderate prestrain has a positive impact increasing the material fracture toughness and that material softening and anisotropy induced by Mullins effect does not show on resistance to mode I crack propagation.
Introduction
Crack propagation in tires is usually studied in fatigue, submitting rubbers to moderate strain cyclic loadings during a large number of cycles (Cadwell et al. 1940; Mars and Fatemi 2002) . Nonetheless, for civil engineering applications, tires may sustain severe strain conditions and critical crack propagation may be observed within very few cycles. Therefore, understanding the resistance to crack growth during monotonous loadings is of interest for the latter applications. The objective of the current contribution is to study the possible impact of large prestrains on the resistance to mode I crack propagation in carbon-black filled rubbers.
A natural rubber (NR) and a styrene butadiene rubber (SBR) filled with the same amount and same type of carbon-black are considered. Strain induced crystallization in filled natural rubber is known to retard crack growth, increasing significantly the critical energy release rate compared to non-crystallizing filled gum like SBR (Buist 1945; Hamed 2005; Gherib et al. 2010 among others) . What remains to be explored is how Mullins softening (Mullins 1969; Diani et al. 2009 ), exhibited by carbon-black filled rubbers, affects the resistance to crack propagation. The Mullins effect experienced by filled rubbers when first stretched above the maximum stretch ever applied, induces anisotropic softening (Diani et al. 2006; Itskov et al. 2006; Machado et al. 2012 for instance) which consequences on the resistance to crack propagation remains unknown. Since the anisotropic softening may be characterized by a three-dimensional envelope that has been assessed on experimental evidences (Merckel et al. 2012) , it is relevant to study not only the impact of the softening magnitude but also its directional aspect on crack propagation. Therefore, large samples of filled NR and filled SBR are uniaxially stretched, then smaller samples cut at 0 • , 45 • and 90 • with respect to the prestretch tensile direction are submitted to single notch crack propagation in mode I. This experimental work will allow us estimating the critical energy release rate for a crystallizing gum and a non-crystallizing gum according to the Mullins softening suffered by the material.
Theory

Critical energy release rate G c
Rubbers are brittle and the Griffith's fracture criterion (G ≥ G c ) applies (Griffith 1921; Thomas 1994) . The propagation of a crack depends on the critical strain energy release rate G c corresponding to the energy per unit area required to open the crack. Considering a single edge notch tensile (SENT) sample, as long as the initial length of the crack is small compared to the other dimensions of the sample, the energy release rate G may be calculated according to the expression established by Rivlin and Thomas (1953) :
where U is the stored elastic energy density, a is the initial crack length and K is a function dependent of the macroscopic stretch λ applied to the sample. Lake (1970) proposed an expression of K = π √ λ that was later simplified by Lidley (1972) 
. Therefore the fracture energy G c writes as:
with U c the elastic energy density stored at crack propagation and λ br eak the macroscopic stretch at break. 
Mullins softening envelope
A Mullins effect criterion was defined by Merckel et al. (2012) as follows. Considering any direction of space, u, characterized by its polar angle (θ, ϕ), the Mullins softening is activated when:
with λ(u) defining the stretch according to direction u, which maximum over the all loading history,
When submitting rubbers to a uniaxial tension up to stretch λ M in direction e 1 , the Mullins threshold in any direction u in the stress-free sample plane may be easily estimated as:
with u 1 = u.e 1 , u 2 = u.e 2 , e 2 being a vector in the stress-free sample plane such as e 1 .e 2 = 0. Directions u may also be characterized by the angle θ between e 1 and u, then Fig. 2 shows the Mullins softening threshold with respect to θ for various maximum stretches λ M .
Materials and experiments
A styrene butadiene rubber (SBR) and a natural rubber (NR), both filled with 50 phr of N347 carbon black, were manufactured by Michelin. Final products are rectangular plates of dimensions 150 × 150 × 2.5 mm 3 . When stretched, the NR undergoes strain induced crystallization, increasing its strength and toughness, whereas the SBR does not crystallize. Mechanical tests were performed on an Instron 5882 uniaxial tensile machine. The tensile force was measured by a 2 kN load cell. When uniaxial tension tests were run to characterize the Mullins softening or to apply a prestretch, uniaxial local strain was measured by video extensometry. For SENT tests, the macroscopic strain was monitored by recording the crosshead displacement only.
Prestretch uniaxial tension was applied on large specimen in order to possibly punch smaller samples for SENT tests that have been submitted to homogeneous states of strain. The homogeneity of the uniaxial prestrain was validated by evaluating the local deformation gradient tensor on the surface of a sample. For this purpose several dots were painted randomly on the sample surface (Fig. 3a) , which displacements were followed during the applied loading. The deformation gradient is calculated along the axes of the triangles displayed in Fig. 3b. Figure 3c , d show the uniaxial and transverse stretches measured on the stress-free sample surface. As it can be seen in these figures, a large enough area of the sample is submitted to homogeneous strain, providing enough material to punch samples for SENT tests that have undergone homogeneous preloading. SENT samples are 12 mm wide and 40 mm long. They are cut out from virgin plates or prestrained specimen at 0 • , 45 • and 90 • with respect to the direction of prestretching. The notch is made with a razor blade and its length is measured with a microscope. The initial crack length, a, varied between 600 and 2200 μm. SENT samples were submitted to uniaxial tension until break with a constant crosshead speed of 5 mm/min. Since the elastic energy stored U c corresponds to the tension force resulting work, the crosshead displacement is sufficient to calculate the critical energy release rate G c (Eq. 2) and no local strain measurement is required. As for λ br eak two options are possible. One may use the crosshead displacement at break to calculate the macroscopic stretch at break. This method is usually applied but is not necessarily very precise due to the large strain applied. Another option is to consider the local strain that would undergo a similar rectangular sample without a notch for the same macroscopic strain. We chose the latter one, but actually, it was noticed that choosing one or another method to estimate λ br eak may change the absolute values of G c but does not change the trends that are discussed in the result section. Table 1 presents the various SENT tests run and their designations as SxAy, with x the applied uniaxial prestrain in % and y the angle along which the sample was cut after the preloading, 0 being the direction of prestrain.
Finally, let us note that when first loaded, filled rubbers may exhibit some residual strain that may need to be taken into account when computing the strain at the next loading (for instance when comparison are made with a virgin material). In this study, the maximum applied prestrain was 250 %, and the residual strains were small enough to change the values of the critical energy release rate of about 2 % only when taken into account. Therefore for simplicity reasons, the residual strain was neglected.
Results
Evidence of Mullins induced anisotropic softening
The initial in-plane isotropy of the materials was validated by punching three samples at 0 Figure 4 presents the stress-strain responses of the virgin material and of the prestrained samples according to the direction of cut. After being prestrained, the rubbers evidence stressstrain responses that are dependent of the direction of stretching. While specimens cut in the direction of prestraining display substantial softening, specimens cut at 45 • present less softening and specimens cut at 90 • show no softening at all. Note that for the NR, the crystallizing property of the material is known to be unaffected by the Mullins softening (Trabelsi et al. 2003) . Such results are commonly known (Diani et al. 2009 ) but the impact of the Mullins softening and the induced anisotropy on the material resistance to crack opening remains to be explored.
Effect of the Mullins softening intensity on crack propagation
For examining the effect of the magnitude of the Mullins softening, SENT tests are run in the same direction as the uniaxial prestrain. Specimens were submitted to uniaxial prestraining up to 0, 80, 120, 200 or 250 %, and SENT specimen were cut and loaded in the same direction as the prestrain. This refers to tests S0A0, S80A0, S120A0, S200A0 and S250A0 in Table 1 . Figure 5 presents the average of critical energy release rate and twice its standard deviation obtained after running ten tests by experiments. One may notice the large error bars displayed by the standard deviation, which are classic for such tests and such materials and which expresses the need to run a large number ig. 4 Material uniaxial stress-strain responses according to the direction of stretching after a uniaxial prestrain to 200 % in direction 0 • of tests to approach a reasonable estimate of the average value of the strain energy release rate. As expected, NR exhibits a significantly larger energy at break than SBR. As mentioned before, this is due to its crystallizing property which delays the crack propagation. Crystallization is also responsible for crack deviation at the beginning of its propagation (Gabrielle et al. 2012) . As it can be seen in Fig. 6 , for NR the crack starts to propagates in the direction of stretching due to the presence of crystallites impeding the crack horizontal propagation. For both materials, once the crack propagates horizontally, the fracture is sudden and brittle producing smooth crack surfaces.
One reads in Fig. 5 that submitting the rubbers to a moderate prestrain improves their resistance to crack opening. This might be due to the possible reorganization of the carbon-black microstructure when first stretch. Nonetheless, the increase in the strain energy release rate at moderate prestraining is more obvious for the SBR than for the NR. For the larger prestrains (200 and 250 %), the critical energy release rate G c returns to similar values as its value measured on the virgin material. It is also interesting to note that strains at failure measured during SENT tests increase with the preconditioning (Fig. 7) . The recorded values may be compared to the strains at break displayed by virgin unotched samples that average 2.6 for the SBR and 3.1 for the NR, the latter values being obtained over five uniaxial tension tests. Note that the strain at break of 
Effect of the directional softening on crack propagation
Large specimen were submitted to uniaxial prestrain up to 200 % and smaller SENT specimens are cut at 0 • , 45 • and 90 • , in order to evaluate the impact of the uneven directional softening created by the prestrain. These tests are referenced S200A0, S200A45 and S200A90 in Table 1 . Figure 8 displays the values of the strain energy release rates measured according to the test considered. The case of the virgin material is also displayed for reference purpose. Note that the maximum strain undergone during the preconditioning, in the direction of tension of the SENT samples is different for each test. The comparison between the results from tests S0A0 and S200A0 has been discussed in the previous section. One notes that the strain energy release rate measured at 45 • is above the reference value for S0A0. This may be explained by the fact that direction 45 • was submitted to a strain of approximately 120 % when the material was prestrained at 200 % in direction 0 • (see Fig. 2 ). It was shown in Fig. 5 that a prestrain of 120 % in the direction of tension of the SENT specimens has a favor-
Critical energy release rate (Gc) [kJ.m able impact on the critical energy release rate. In Fig. 8 , one reads that SENT samples cut at 90 • with respect to the direction of prestrain exhibit mean value of G c similar to the value obtain on virgin samples (S0A0). Note that the 90 • direction does not undergo any softening during prestraining (Fig. 4) . This would mean that damage in other directions than the direction of crack opening has not a significant impact on G c for the SBR as for the NR. The average strain at break measured during SENT tests S200A0, S200A45 and S200A90 are shown in Fig. 9 . Strain at break increases with the maximum strain applied in the direction of stretching, which is in agreement with measures plotted in Fig. 7 . In order to further investigate the dependence of G c to the damage already applied in other directions than Average values and standard deviation of the critical energy release rate for SENT samples submitted to different preloading histories S120A0 and S200A45 (Table 1 ) resulting in the same uniaxial prestrain of 120 % in the direction of crack opening the crack opening direction, values of G c are compared for SENT samples that have been submitted to the same level of prestrain in the direction of the applied tension but various prestrain levels in other directions, i.e. tests S120A0 and S200A45. For both tests, the prestrain reached 120 % in the direction of the SENT sample loading. Figure 10 shows the values of G c measured during the SENT tests and their average values. For the SBR, G c is similar for samples S200A45 and samples S0120, which is in favor of a negligible effect of the damage in other directions than the direction of crack opening. For the NR, the values of G c measured during tests S200A45 are larger but the difference is not significant enough to recognize a real trend.
Conclusion
The impact of the Mullins softening on carbon-black filled rubber resistance to mode I crack propagation during monotonous loading was studied experimentally. For this purpose, a NR and a SBR filled with carbon-black were submitted to uniaxial preconditioning and SENT samples were cut in various directions in order to study the consequences of damage induced by the Mullins softening. Due to its crystallizing ability, NR demonstrates significantly larger resistance to tear than SBR.
Both SBR and NR showed a moderate increase of its resistance to crack opening after being moderately stretched in the direction of crack opening. The significant material softening observed when preconditioning the samples did not affect its mode I fracture toughness. Moreover, large strain preconditioning does not impact noticeably the strain energy release rate. As for the Mullins damage undergone in other directions than the stretching direction during prestraining, that renders the material anisotropic, it also seems to have little impact on the critical strain energy release rate in mode I. The
In order to extend the current analysis, it would be interesting to apply compression and multiaxial prestraining before testing the material resistance to tear. It would be also interesting to test unfilled samples, since they do not undergo any Mullins softening and could be used as comparison for physical interpretations.
